The complete and dissociative ionizations of a 3,4,9,10-perylene-tetracarboxylic-dianhydride (C24H8O6, PTCDA) molecule in the gas phase have been studied, by using electron-impact mass spectrometry in an energy interval of 5-90 eV. The molecule is found to decay into the following fragment ions: the perylene core C20H 
Introduction
Organic substances (electrically active molecules) are widely used in modern knowledge-intensive technologies, including devices with the application of molecular electronics [1] . The functioning of the latter is based on the electron transport through molecules. Various elementary interaction processes between molecules and electrons with different energies take place at that [2] . The interaction features depend on both the electron energy magnitude and the molecular structure.
Despite that organic molecules are widely applied in molecular electronics, radiation chemistry, biology, and medicine, the available information concerning their interactions with electrons is still scarce. This circumstance stimulates the experimental and theoretical studies of elastic and inelastic interaction processes between electrons and complex molecules. In particular, this concerns the generation of positive and negative ions, as well as the fragmentation of molecules under the action of electrons. The fragmentation of molecules due to their interaction with electrons gives rise to the appearance of radical ions. The latter can quench luminescence, which results in the degradation of molecular electronics devices.
Synthesis of new compounds on the basis of electrically active organic molecules makes it possible to produce luminescent crystals [3] . Another interesting application domain of those molecules is the synthesis of oligonucleotides, which effectively radiate within a wavelength interval from 401 to 485 nm. Using them for DNA labeling allows novel methods for diagnosing the diseases at the cellular level to be developed [4, 5] . Furthermore, owing to their unique properties, electrically active organic molecules are engaged in the artificial photosynthesis, by using them to form molecular structures that reproduce the key functions of natural photosynthetic membranes. In other words, they play the role of "antennas" that absorb light quanta in the blue-green spectral interval [6, 7] . From the aforesaid, a conclusion can be drawn that the research of mass spectra of electrically active organic molecules at various energies of ionizing electrons, as well as the determination of effective cross-sections of their direct and dissociative ionization, is a challenging task. Information on fragmentation processes, ionization energies, and thermodynamic parameters are absent or limited for most electrically active molecules. For example, the wellknown NIST database [8] contains the mass spectrum of a 3,4,9,10-perylene-tetracarboxylic-dianhydride (C 24 H 8 O 6 , PTCDA) molecule within the mass number interval of 26-400 Da. This is a result of certain experimental difficulties at studies of the ionization of electrically active molecules, which is confirmed by a limited number of publications on this topic, despite a considerable interest in those molecules from the developers of molecular electronics devices.
In our previous works [9, 10] , we reported the results of our researches concerning the electron-impact ionization, both single and dissociative, of 1,4-bis(2,5-phenyloxazolyl)benzene (POPOP) and 9,10-bis(phenylethynyl)anthracene (BPEA) molecules in the gas phase. In this paper, for the first time, the results of mass spectrometric studies of the PTCDA molecule in an interval of 0-400 Da are presented together with the experimental energy dependences of the effective cross-section of the single ionization of this molecule in a wide range of bombarding electron energies and molecular evaporation temperatures. A standard Sigma-Aldrich specimen (product No. 77350) was examined.
Experimental Part
As was already emphasized above, the study of complex organic molecules is a very interesting problem, because, owing to their unique optical and electronic properties, they are promising objects for organic electronics. Due to the ability of those molecules to form thin layers with the crystalline structure on various surfaces, they are most often used as organic films in photovoltaic energy converters and light emitting devices. It should be noted that, in the majority of published papers devoted to a PTCDA molecule, experiments were carried out, by using the methods of photoelectron, electron [11] [12] [13] , and Xray spectroscopies [14] . The electron states of negative ions formed at the interaction of electrons with PTCDA molecules were also thoroughly studied [15] . The research of electron ionization with the yield of positive ions strongly extends our knowledge about the electron structure of a PTCDA molecule, as well as the regularities and peculiarities in the interaction of low-energy electrons with this molecule.
The complex structure of a PTCDA molecule is shown in Fig. 1 . It consists of a perylene core (five benzene rings). Two anhydride groups are attached to the opposite sides of the core. Each group contains three oxygen atoms. The PTCDA molecules have a moderate chemical reactivity and form well-ordered films on various substrates, which look like a "brickwork" [12] .
The experiments were performed on an installation equipped with a monopole mass spectrometer MX 7304A [10, 16] with the mass resolution Δ = = 1 Da. A beam of PTCDA molecules generated with the help of an effusive-type source was directed into the ionization chamber of a mass spectrometer. The concentration of molecules in the region of their interaction with electrons was about 10 10 -10 11 cm −3 . The molecules were ionized by 5-90-eV electrons emitted from a tungsten cathode operating in the current stabilization mode within an interval of 0.05-0.5 mA. The electron energy spread did not exceed Δ = 250 meV. The mass scale was calibrated with respect to the isotopes of Ar and Xe atoms, and the electron energy scale by the initial section in the N 2 molecule ionization function.
The experiment was carried out in two stages. The mass spectrum was measured firstly in an interval of 0-400 Da; then the energy dependences of the crosssections of dissociative ionization of fragment ions were determined. A particular attention was paid to the study of the ionization threshold dependences.
The mass spectra of a PTCDA molecule were measured at the following fixed energies of ionizing electrons:
= 10, 20, 30, 40, 50, 70, 80, and 90 eV.
Experimental Results and Their Discussion
The majority of experimental and theoretical works devoted to a PTCDA molecule deal with films of this substance adsorbed on various surfaces. Note that the photon-excited mass spectra [11] contain no peaks with / = 392 corresponding to the total mass of a PTCDA molecule, which testifies to a predominant role of the non-thermal photofragmentation mechanism. Under the electron ionization of a PTCDA molecule [13] , the obtained mass spectrum, besides the main peak at / = 392, also contains intense peaks corresponding to molecular cations with the masses / = 248, 276, 320, and 348. Those peaks emerge owing to the fragmentation of a PTCDA molecule, and the intensity of the peak corresponding to the ion of the entire examined molecule is maximum.
In the mass spectrum of negative ions [15] , the peaks of a [PTCDA] − molecular ion ( / = 392) and fragment anions with the mass numbers / = = 348, 336, and 320 were also observed. Those ions appear as a result of the removal of carbonyl groups and carbon dioxide from the molecular cation, which leads to the appearance of the following fragments:
− . In other words, the PTCDA molecule effectively captures a slow electron (0-10 eV) to form a negative ion. The removal of an electron from the initial molecule and the transformation of the latter into a positive ion take place at higher electron energies > 10 eV. When electrons collide with PTCDA molecules, there are several alternative scenarios for the generation of positively charged ions. Figure 2 illustrates a possible fragmentation scheme of a PTCDA molecule at its interaction with electrons. As one can see, the most probable way of the fragmentation consists in the removal of lateral CO and CO 2 molecules, oxygen atom, and benzene ring. A similar picture was also observed at the photo-ionization of a PTCDA molecule [11] . Figure 3 demonstrates one of the mass spectra of a PTCDA molecule, which was measured in a mass in- terval of 0-400 Da, at a molecular source temperature of 490 K, and the energy of ionizing electrons = 80 eV. In an interval of 0-20 Da, there are mass peaks corresponding to the positive ions of hydrogen, oxygen, and water. The emergence of the peak corresponding to water molecules can be explained by the presence of water molecules in the polycrystalline PTCDA matrix, so that water is released when the PTCDA molecules are evaporated. The signal corresponding to the water molecule mass drastically increases with the molecular source temperature. The presence of the peaks corresponding to CO + and CO + 2 ions in the mass spectrum can be considered as a result of the fragmentation of molecules of unstable dicarboxylic group C 2 O 3 at their interaction with electrons [5, 11] . This assumption is confirmed by a similar energy distribution of those particles over the translational degrees of freedom [11] . When analyzing the mass spectrum in Fig. 3 in the mass spectrum due to the dissociation of water and carbon dioxide molecules. This assumption is confirmed by a similar picture observed in the mass spectrum of negative ions [15] . The fact that the intensity of the signal corresponding to the CO + ion exceeds the CO + 2 signal can also be explained by a partial decay of CO 2 molecules into CO and oxygen during the decomposition of carbonyl terminals. This also testifies that the interaction of electrons with PTCDA molecules leads to the removal and decay of carbonyl groups. Thus, in our opinion, the appearance of atomic oxygen ion ( / = 16) is a result of combined processes: the dissociation of CO 2 molecules (CO 2 = CO + O) and the charge localization at the oxygen atom (see Fig. 2 ) at the -cleavage of molecular ions [17, 18] .
Mass spectra
In the large-mass interval, there are a few intense peaks of molecular fragment ions, whpse apperance can be explained by the following reaction chain 1 :
The appearance of a C 20 H + 8 ion ( / = 248) peak in the mass spectrum corresponds to the perylene core of a C 20 H 8 molecule, and the appearance of a peak at / = 124 to its half, the C 10 H (Fig. 3) can be explained by the interaction of electrons with the perylene core. Those ions should be classified as fragments of a PTCDA molecule, because their intensity depends on the evaporation temperature. This conclusion is confirmed by the data of work [13] , in which those ions were also observed in the mass spectrum. This fact can be explained as follows: the relaxation energy leads to the break of internal molecular bonds both in the perylene core itself and between the perylene core and terminal carboxyl groups.
We also observed a peak corresponding to the doubly charged ion C 24 H 8 O 2+ 6 ( / = 196) emerging in the reaction
Surely, the intensity of this peak was low. In the general case, the probability of the emergence of multiply charged ions in the case where electrons and photons collide with electrically active molecules is low (the method of electrospray ionization is an exception). However, the generation of doubly charged ions is inherent in molecules of aromatic compounds [17] . In other words, the appearance of the doubly charged ion of a PTCDA molecule in the mass spectrum confirms this reaction. Hence, the presented fragmentation scheme (1) of a PTCDA molecule into positive ions (this is only one of the possible variants) testifies to the strong decomposition of this molecule at its interaction with electrons. This is also confirmed by a rather high fragmentation degree of the molecule. In order to analyze the fragmentation process, one can additionally pay attention to theoretical calculations of binding energies [19, 20] . The lowest binding energy in the PTCDA molecule (3.6 eV) corresponds to the single C-C bond between the perylene core and the carboxyl group. The energy of the single C-O bond has approximately the same value, the energy of the C-C bond in the aromatic ring (see Fig. 2 ) amounts to 5.3 eV, and the double bond C=O has an energy of 7.8 eV [19] . Two naphthalene fragments are linked by two C-C bonds with an energy of 4.2 eV, which is less than the corresponding value in the aromatic ring. A comparison of the indicated energies for the internal molecular bonds in the PTCDA molecule testifies to a predominant role of the non-thermal fragmentation mechanism at evaporation temperatures below 500 K.
Energy dependences
The tuning of a mass spectrometer to detect a definite mass made it possible to measure the relative formation cross-sections of the most intense fragment ions that arise in the course of dissociative ionization of a PTCDA molecule within an energy interval from the ionization threshold to 90 eV. The total relative ionization cross-section was obtained by measuring the total current created by ions at the collector [22] .
In Fig. 4 , the energy dependence of the total relative ionization cross-section (the ionization function) measured for a PTCDA molecule is depicted. The threshold section of this curve (the inset in Fig. 4 ) was used to determine the molecule ionization energy. By analyzing the ionization function of a PTCDA molecule, one can see that the curve slowly increases at its initial section from the threshold to 40 eV; then, it drastically increases when the energy grows to 70 eV; afterward, a smooth decrease takes place. The threshold section contains several features in the form of small peaks, whose energy positions coincide with the energies, at which the fragment ions O + , CO + , and CO + 2 appear [22] . Figure 5 illustrates the threshold sections in the energy dependences obtained for the formation of fragment ions of the oxygen atom O + and the molecules CO + , CO + 2 , and H 2 O + . As one can see, all exhibited curves are characterized by a slow increase from the ionization threshold, which is followed by a rather rapid growth. At certain energies of bombarding electrons, a number of additional cusp-like features appear in the threshold section of the ionization function.
The peculiarities in the energy dependence describing the formation of fragment ions can be explained by the switching-on of new reaction channels, as the electron energy increases. For example, it was shown in work [15] that, when PTCDA molecules interact with low-energy electrons in the gas phase, negative molecular and fragment ions arise in accordance with the resonance mechanism. Furthermore, one cannot exclude that the peculiarities in those energy dependences may probably be associated with the type and energies of molecular orbitals. In particular, a group of broad maxima corresponding to vacant -orbitals may emerge at incident electron energies of 8.1, 10.6, and 14.4 eV. Surely, in order to substantiate a mechanism giving rise to the appearance of those features more thoroughly, a detailed theoretical consideration is required with regard for the binding energies in a PTCDA molecule. In so doing, it should be borne in mind that the lowest energy of 3.6 eV corresponds to a single C-C bond between the perylene core and the terminal carboxyl group. In our opinion, the most promising in this aspect are calculations of the electron structure of a PTCDA molecule. In view of the complicated character of this structure, various theoretical approaches based on the density functional theory (DFT) with the LDA, GGA, and B3LYP correlation functionals, as well as the GW method, are used for the calculation of the valence electron structure of PTCDA. The results of calculations are compared with experimental data [20] . For instance, it was shown in work [20] that the difference between the energies of LUMO-HOMO states in a PTCDA molecule calculated according to the difference between the electron affinity and ionization energies agrees well with experimental data [23] .
As was emphasized above, in works [9, 10] , the energies, at which the fragment ions appear, and the ionization energy of a PTCDA molecule were determined, by using the least-squares method on the basis of experimental data for the threshold sections in the energy dependences of the fragment ion formation and the total relative ionization cross-section of a PTCDA molecule. The results obtained for some intense fragment ions (Fig. 3) are quoted in Table 1. In the literature [8, 21] , there are no experimental and theoretical results [18] [19] [20] concerning the energies ap , at which the fragment ions of a PTCDA molecule appear. A comparative analysis of the data presented in the table for the ionization energy ap demonstrates a satisfactory coincidence of our results with experimental data [21] and theoretical calculation results [18] [19] [20] .
Temperature dependences
It is known [11, 14] that, in the case of electrically active molecules, including PTCDA, the temperature of the transition into the gas phase substantially affects the dynamics of the evaporation process and a change of the molecular structure [24] . As a result, the binding energies in a PTCDA molecule decrease, and, accordingly, the efficiency of its decay changes. Hence, the ratios between the fragment yield (or formation) intensities at the interaction of the molecule with lowenergy electrons can vary with the temperature.
To elucidate the temperature effect on the processes of PTCDA molecule dissociation, we measured the temperature dependences of the formation of the most intensive fragment ions O + , CO + , and C 10 H + 4
at an electron energy of 80 eV in a temperature interval of 320-500 K. The corresponding results are shown in Fig. 6 . As one can see, in this temperature interval, the depicted dependences have a similar behavior in general. ion, the yield growth also takes place above = 440 K, but it is considerably slower. Since the sublimation of PTCDA molecules begins at a temperature higher than 630 K [11] , the thermally induced destruction of intramolecular bonds is appreciable under our conditions. Therefore, the specimen temperature affects the formation intensity of separate components [14] .
Conclusions
In this work, it was shown that the method of electron-impact mass spectrometry is promising for the experimental and theoretical studies of the processes of elastic and inelastic interaction between electrons with complex molecules. The method makes it possible to obtain information about the processes of fragmentation, dissociation, and ionization of such molecules and determine the energy and thermodynamic characteristics of the latter.
The mass spectra and the energy dependences of the formation of positive ions of a 3,4,9,10-perylenetetracarboxylic-dianhydride (C 24 H 8 O 6 , PTCDA) molecule in the gas phase by low-energy electrons are experimentally studied. On the basis of the obtained mass spectra, it is found that the main channels of the PTCDA molecule decay due to the electron impact are the processes of fragment ion formation. These are the light singly charged ions CO + , CO The complete (integral) ionization of a PTCDA molecule and the most intense fragment ions in an energy interval of 6-90 eV are studied. By analyzing the threshold section in the curve obtained for the total relative ionization cross-section with the use of the least-squares method, the ionization energy of a PTCDA molecule is determined, which agrees well with the results of theoretical calculations. The energies corresponding to the appearance of intense fragment ions are determined for the first time. The temperature dependences of the formation of the most intense fragment ions at an electron energy of 80 eV are measured in a temperature interval of 320-500 K. It is found that the formation of light ions (O + and CO + ) drastically increases at temperatures above 460 K. At the same time, the formation of heavy C 10 H + 4 ions increases very slowly above = 440 K.
